An annotated list of indigenous Fijian seed plant genera is presented and comprises 484 genera and 1315 species in 137 families. The relative diversity of the largest families and genera in Fiji is indicated and compared with floras in New Caledonia and the Upper Watut Valley, Papua New Guinea. Differences and similarities appear to be due to biogeographical/phylogenetic factors rather than ecological differences or means of dispersal. Generic diversity for the seed plants as a whole is greatest between 0-100 m and decreases monotonically with altitude. However, in the largest family, Orchidaceae, maximum diversity occurs between 200-400 m. Fifty percent of the families are recorded from shore habitat. Twenty-seven percent of the families and 80 species occur in or around mangrove, where the most diverse families are Orchidaceae, Rubiaceae, and the legumes. Some of the mangrove-associate species are pantropical or Indo-Pacific but most are locally or regionally endemic. Fifty-six percent of the Fijian families are recorded on limestone. Twenty-nine species are restricted to limestone and 12 species usually occur on limestone. The importance of calcium in reducing the effects of salinity is emphasized and 39 species are recorded from both mangrove and limestone. A plagiotropic habit occurs in 38 species which occur on limestone or around beaches, and 20 of these are Pacific endemics. Genera restricted to higher altitudes include many present elsewhere in Melanesia but absent from Australia despite suitable habitat there, again indicating the importance of biogeographical and historical factors. Altitudinal anomalies in Fiji taxa are cited and include 7 anomalously high records from northern Viti Levu, a site of major uplift, and 22 anomalously low altitudinal records in the Lau Group, a site of subsidence. It is suggested that the Fijian flora has not been derived from immigrants from Asia, but has evolved more or less in situ . Taxa would have survived as metapopulations on the individually ephemeral volcanic islands always found at oceanic subduction zones and hot spots, and the atolls which characterize areas of subsidence. The complex geology of Fiji is determined by its position between two subduction zones of opposite polarity, the Vanuatu and Tonga Trenches, in what is currently a region of transform faulting. The large islands comprise fragments of island arcs that have amalgamated and welded together. There has been considerable uplift as well as subsidence in the islands and it is suggested that both these processes have had drastic effects on the altitudinal range of the taxa. Limestone and mangrove floras could have provided a widespread, diverse ancestral species pool from which freshwater swamp forest, lowland rainforest, dry forest, secondary forest, thickets, and montane forest have been derived during phases of uplift.
INTRODUCTION
The Fiji Islands (Fig. 1 ) comprise a mountainous archipelago in the tropical south-west Pacific with a land area of 18 376 km 2 , approximately half of which is covered in rain forest. Fiji is one of the few areas in the wet tropics for which there are good, complete, recent floristic accounts. Whittier (1975) listed 306 species of mosses, Miller, Whittier & Whittier (1983) included Fijian records in a list of Pacific liverworts, Brownlie (1977) contributed a well-illustrated account of pteridophytes, and Smith (1979-96) has provided a major work, a massively detailed treatment of the seed plants (not including records from Rotuma; for which, see McClatchey, Thaman & Vodonaivalu, 2000) . Smith's volumes replace the beautifully illustrated flora by Seemann (1865-73) . A recent account (Tabunakawai et al ., 1996) included habit photographs of 90 tree species.
Smith's invaluable flora (cited hereafter simply as 'Smith' ) is unusual because it includes treatments of cultivated plants (for most families, but not orchids or palms) as well as indigenous and naturalized species. It also gives very detailed information on taxonomic delimitation, relationships, typification, and nomenclature, although it does not provide full descriptions for most species. This approach has made the work very bulky. In 3189 pages, it deals with a total of 2295 species, allocating on average 1.39 pages per species. To compare this with other user-friendly floras, the flora of Jamaica (Adams, 1972) has 848 pages and 3247 species (i.e. 0.26 pages per species); the flora of Java (Backer & Bakhuizen van den Brink, 1963-68) has 2050 pages and 6100 species (i.e. 0.34 pages per species); and the flora of West Tropical Africa (Hutchinson & Dalziel, 1954) has 1123 pages and 3041 species (i.e. 0.37 pages per species).
In his introductions to the generic treatments, Smith usually mentions the numbers of species accepted as indigenous, but does not indicate which ones are indigenous under the species treatments (e.g. by a symbol). The reader has to work this out by studying the sometimes lengthy comments on distribution, and often it is not specified even there.
For these reasons, and to enable an overview of the flora, a generic list with numbers of indigenous species was compiled (Supplementary Material; Appendix S1). The results of taxonomic studies published after the flora have been incorporated, as are some altitudinal records based on collections in Suva herbarium (SUVA) that are not included in Smith. A few important synonyms are also listed.
The immediate aim of the present study was to examine the ecological range of the genera; in particular, their altitude, whether they occur on limestone, and whether they occur in or around mangrove. 
B IOGEOGRAPHY AND SPECIES CONCEPTS
Some ideas about the biogeography of Fiji are discussed briefly below, but Smith's views on dispersal are of immediate relevance here as they influenced many of his taxonomic conclusions. He accepted (Vol. 1) that 'founder populations' have established in the Fiji Region and argued that the idea of isolation of founder populations for long periods of time leading to the evolution of new taxa 'is too widely accepted a tenet of modern evolutionary theory to be ignored in a floristic work'. However, this tenet is by no means universally accepted and many studies of genetics and biogeography (cited by Heads, 2005a, b) have been highly critical of founder theory. In any case, it is widely accepted that ideas on evolutionary theory should not influence descriptive taxonomy. Smith assumed that geographically isolated populations of nonvagile groups must be different species: 'To assume that the same genetic constitution of two populations widely separated in space and time can indefinitely persist is to obfuscate taxonomic and phytogeographical concepts'. (Nevertheless, both parallel evolution and long-term morphological and genetic stasis have often been proposed). Following this reasoning, Smith criticised the authors of the Flora Malesiana in particular for using species concepts that are too broad, and for synonymizing many Fijian endemics in a 'cavalier' manner. For example, Smith treated Koelreuteria elegans (Sapind.) of Fiji as specifically distinct from Koelreuteria formosana of Taiwan partly because of the great distance separating the two taxa although, in his monograph of the genus, Meyer (1976) treated them as subspecies. In another example, Smith felt that because Symplocos (Symploc.) is absent from Lau, Tonga, and Samoa, the species cannot be 'facilely dispersed' and so the conclusion of Nooteboom (1977) that there are widespread species in the genus 'does not seem entirely logical'. Smith argued that taxa such as Symplocos cochinchinensis must really be a complex of species. Similarly, in Vavaea (Mel.), Smith noted that the genus does not extend east beyond Fiji to Tonga, Samoa, etc., which 'does not suggest ease of dispersability', and so 'one may question Pennington's (1969) comprehensive concept [of V. amicorum ]'. (Pennington accepted two species in Fiji, Smith four). In another example, Smith argued that because of 'lack of vagility' in Allophylus (Sapind.), the 'lumping' treatment of Leenhouts (1968) could not be correct − the widespread species must be species complexes.
Thus, Smith often maintained narrow species limits and most recent revisers of groups represented in Fiji have synonymized species that he recognized; for example, in Podocarpus (Podocarp.; De Laubenfels, 1985) , Veitchia (Arec.; Doyle & Fuller, 1998; Zona & Fuller, 1999) , Aglaia (Melia.; Pannell, 1992) , Carruthersia (Apocyn.; Middleton, 1997) , Alstonia (Apocyn.; Sidiyasa, 1998) , Faradaya (Lamia.; de Kok & Mabberley, 1999) , Melicope (Ruta.; Hartley, 2001) and Alyxia (Apocyn.; Middleton, 2002) . However, other authors have confirmed Smith's treatments; for example in Arytera (Sapind.; Turner, 1995) and Cupaniopsis (Sapind.; Adema, 1991) , and De Wilde (1994) recognized one more species of Myristica than Smith. In what he took to be vagile groups, Smith assumed that widely separated populations must belong to a single species. For example, in Pandanus (Pandan.), Smith suggested that because the phalanges in coastal species are widely dispersed 'constant interchange of genetic material is presumably taking place' and therefore there cannot be many separate species ( contra St John). (This is possibly the right conclusion for the wrong reason). Likewise, in Cycas (Cycad.), Smith accepted a broad species concept (he was followed in this approach by De Laubenfels & Adema, 1998 , but not Hill, 1994 , probably because of the assumed vagility of the species − Cycas subsect. Rumphiae is usually coastal and has buoyant seeds, although it does not occur east of Tonga/Samoa.
Authors working in a dispersalist paradigm often establish whether or not a group is 'vagile' by examining its range, rendering Smith's argument circular. For example, Gillett (1973) proposed that 'the most conspicuous portrayal of vagility in South Pacific cyrtandras is the Cyrtandra cymosa group' (nine species), simply because the group ranges widely from the Carolines to Rarotonga. The group thus shows a 'remarkable capacity for long-distance dispersal' and 'a broader species concept [treating the group as a single species] might well be applicable'.
Despite these controversies, Smith's species concepts are accepted here, except where a subsequent revision has reached different conclusions. No taxonomic judgements are made in the present study. There is much less argument about genera and these are the units of the analysis presented below.
F AMILY AND GENUS TAXONOMY
Recent developments in molecular systematics have led to new ideas on family relationships and, in some cases, delimitation (e.g. Lamiaceae vs. Verbenaceae). These conclusions have not been incorporated in the present list, which follows Smith's family concepts and sequence for ease of reference.
I NDIGENOUS TAXA
Only taxa accepted by Smith as indigenous are considered here. He took a conservative approach and many species which other authors (e.g. van Balgooy, 1971 ) accepted as indigenous, Smith assumed to be introduced. He treated many species as 'aboriginal introductions' although, in most cases, there is no real evidence for this, apart from the fact that the plants occur outside Fiji and are used by the local people. Some examples show that Smith (and his collaborators) used questionable criteria for assessing the status of some species. For the grass Sacciolepis indica , Parham (in Smith) wrote that it is 'Common throughout the [Fiji] group which suggests it was an early introduction'. This reasoning is hardly logical and van Balgooy (1971) accepted the grass as indigenous in Fiji. Morinda citrifolia (Rub.) is 'morphologically very isolated and related to no other Pacific species', and so Smith & Darwin (in Smith) inferred that it is a 'presumable' aboriginal introduction. Again, this is not convincing. However, although many of Smith's conclusions are debatable, they are generally accepted here.
W EEDY TAXA Seemann (1865-73) wrote that 'The weeds of a country are, according to my opinion, never indigenous productions of the soil on which they grow, but have always been translated'. This reflects a common assumption that the montane species of the climax forest are truly indigenous, whereas the weedy taxa of the lowlands and coasts have arrived recently by dispersal. However, Smith suggested, reasonably, that the following species of 'weed tree' are indigenous to Fiji (his conclusions are quoted). Despite Smith's underlying assumptions to the contrary, there seems to be no reason why a species cannot be both a weed and indigenous. (Of course, there is no question about the indigenous status of regionally endemic weedy species, such as Macropiper puberulum f. puberulum (Fiji, Tonga, Samoa, Niue, Wallis, and Futuna): 'sometimes as a weed in plantations and along roadsides'). It would seem likely that weeds were an important component of the primeval Pacific flora.
Ludwigia octovalvis (Onagr.) is a good example of a weedy species accepted as indigenous in the Pacific by van Balgooy (1971) and Raven (1977) , but not by Smith. There are two subspecies in Fiji, both mapped in the Old World by Raven (1963) . Ludwigia octovalvis ssp. octovalvis is widespread from South and East Africa to Hawaii and the Marquesas. Ludwigia ocotovalvis ssp. sessiliflora has a more restricted distribution with several interesting aspects. It occurs in coastal South Africa and Mozambique, inland in Zimbabwe, and on Pemba Island (adjacent to Tanzania) but not on mainland Tanzania or Kenya. This striking pattern is a standard one. (For example, although there are no flying foxes of the largely Asian-Pacific genus Pteropus on mainland Africa, Pemba I. has an endemic species closely related to forms of nearby Mafia I., the Comoros, Madagascar, Aldabra, Seychelles, and Mauritius. All these are very close to the Pteropus melanotus group of the eastern Indian Ocean: Nicobars, Andamans, Nias, Engano, and Christmas Is. Likewise, the owl Otus rutilus , endemic to Pemba, is related to species of the Comoros and Madagascar). From Pemba, the distribution of L. octovalvis ssp. sessiliflora extends to Madagascar, Mauritus, the Seychelles, and from India east to New Guinea, New Caledonia, Vanuatu, and Fiji. Its absence from the Bismarck Archipelago, the Solomon Islands, and from east of Fiji is notable and hardly suggests casual dispersal.
Acmella ( Spilanthes ) uliginosa (Aster.) is another example of a weed which may well be indigenous in Fiji, although Smith treated it as introduced from America. van Balgooy (1971) regarded it as 'suspected to be native' in Malesia, New Caledonia, and Fiji. The exellent maps in Jansen's (1985) revision indicate that while A. uliginosa may be a 'pantropical weed', the very precise patterns of vicariance with allied species indicate that it is not actively spreading, other than on a local scale (which, as a weed, it must be by definition). For example, in the Caribbean, it occurs in Honduras, Panama, Jamaica, Hispaniola, and the Lesser Antilles, neatly vicariant with, for example, Acmella iodiscaea in Bahamas, northern Dominican Republic, and Barbuda, and with Acmella radicans , widespread in Central America, Cuba, etc. In Africa, A. uliginosa shows a standard, major disjunction between Ghana and Gabon (with the gap filled by Acmella caulirhiza ), and in the whole of central, south and east Africa it is only recorded from east-central Tanzania. It is present in Sri Lanka, Burma, and China, but not India, being replaced there by A. radicans and Acmella ciliata. It occurs in Borneo, Sulawesi, and southern Philippines, being replaced in northern Philippines by Acmella grandiflora . East of here, it is recorded in New Guinea only in Morobe (replaced in the rest of New Guinea, Quensland, and northern New South Wales by A. grandiflora ), and in New Caledonia and Fiji, where it is the only Acmella . The Mindanao/Sulawesi-east New Guinea-New Caledonia/Fiji track is striking.
Thus, the distributions of lowland pantropical weeds can be just as precise as plants of climax montane forest, although their ecology is totally different. In fact, pioneer ecology has probably been characteristic of many groups throughout the history of the seed plants. It was often believed that the first angiosperms were plants of the climax montane forest, but it would appear more likely that they were weedy plants of open and disturbed environments (cf. Doyle & Hickey, 1976 ).
E NDEMIC TAXA
There is one family endemic to Fiji, Degeneriaceae (Miller, 1988 (Miller, , 1989 Carlquist, 1989) , sister to the Himantandraceae of north-east Queensland and New Guinea . This pair is sister to the Magnoliaceae, mainly found in the Northern Hemisphere but also in New Guinea.
There are currently six genera accepted as endemic to Fiji; these are monotypic except where indicated: Degeneria (two spp.) (Degener.), Pimia (Sterc.; known from a single specimen), Amaroria (Simaroub.), Squamellaria (three spp.), Gillespiea , and Hedstromia (all Rubiaceae). (Squamellaria should probably be placed in Psychotria; see Supplementary Material, Appendix S1).
Horne (1881: 58) cited a figure of 635/1331 (48%) vascular plant species as being endemic to Fiji, and noted that this 'seems strikingly peculiar'. Ash (1992) gave a figure of 'about' 25% endemism for vascular plants in Fiji, but for seed plants Watkins (1994) Hou (1978) , whereas Smith treated it as Rhus simarubifolia, restricted to Vanuatu, Fiji, Tonga, and Niue. Watkins (1994) gave a brief analysis of a sample of the flora and showed that levels of species endemism increase with higher altitude, especially between 0-10 m and 10-50 m.
In addition to species strictly endemic to Fiji, there are many others known only from Fiji and one or more of the neighbouring achipelagoes, Vanuatu, Samoa, and Tonga.
LIMESTONE TAXA
In the list provided in the Supplementary Material (Appendix S1), it is indicated whether a genus has ever been reported on limestone in Fiji. Smith (Streimann, 1983) and New Caledonia (Jaffré et al., 2001 ). The families with most genera in Fiji are listed in Table 1 Most of the differences among the lists seem to be due to large scale biogeographical factors rather than differences in local ecology. In particular, Fiji includes Malesian groups absent in New Caledonia (e.g. in Acanthaceae, Urticaceae, and Myrsinaceae), whereas the New Caledonia list features groups with high levels of endemism there (Sapotaceae, Araliaceae, Celastraceae) and others with Australian affinities (Myrtaceae, Rutaceae).
LARGEST GENERA IN FIJI, UPPER WATUT, AND NEW CALEDONIA Table 2 shows the largest genera in Fiji, the Watut, and New Caledonia, with numbers of indigenous Pittosporum is highly diverse in New Caledonia (and Australia), notably less so in Fiji and the Watut (five to six species each).
As with the families, differences in the relative importance of the genera in the three floras are prob- Guppy (1906: 10) wrote that 'It is the relation between the inland and coastal species of the same genus that offers one of the most fascinating studies in the botany of the Pacific Islands'. Many genera and probably most families show good examples of coastal and inland vicariants. The following are representative. Heritiera (Sterc.) has two species in Fiji. Heritiera littoralis (East Africa-Tonga) is found only at sea-level, in mangrove swamps, coastal thickets, and forest edge vegetation on rocky shores. Heritiera ornithocephala (Fiji, Tonga, Niue) only occurs in inland forest, at 60-970 m.
Hernandia nymphaeifolia (Hernand.) ranges from East Africa to eastern Polynesia. In Fiji, it is restricted to beaches or thickets and woods immediately behind beaches. Heritiera olivacea is a Fiji endemic and ranges from near sea level (but not in beach vegetation) to 1130 m in dense forest.
Scaevola (Gooden.) has two species in Fiji. Scaevola sericea (Indo-Pacific) is abundant from the high tide mark upwards, along beaches and rocky shores, sometimes on limestone, and in beach thickets and forest. Scaevola floribunda (endemic to Fiji) occurs near sea level (but seldom on beaches) and extends up to 1200 m in dense and open forest.
Canavalia sericea (Faba.) ranges widely in the tropical Pacific (from the Carolines and east Australia to Hawaii and Rapa Island). It only grows near sea-level, on beaches, rocky coasts and in coastal thickets. It is related to Canavalia vitiensis, endemic to Fiji, which occurs in thickets and dense forest, sometimes as a high climbing liane, from 50 to 900 m altitude.
Similar patterns of altitudinal vicariance in birds, Ericaceae, and marine taxa have been discussed elsewhere (Croizat, 1964; Heads, 2001 Heads, , 2003 Heads, , 2005a and attributed to tectonic uplift/subsidence and speciation in situ. This process could account for the altitudinal anomalies discussed below. Similar effects on a large scale might also explain the common pattern in which a widespread coastal species has a locally endemic montane relative which is more closely related to montane taxa elsewhere than to the widespread species (for example, in Pandanus). Guppy (1906: 156, 581) termed this phenomenon the 'Fijian difficulty'.
ALTITUDINAL DISTRIBUTION OF GENERA
Several genera are very poorly known in Fiji: indigenous members of Pimia (Sterc.), Neoalsomitra (Cucurbit.), Parkia (Mimos.), Macropsychanthus (Faba.), Glossogyne (Aster.), Dichrocephala (Aster.), and Pytinicarpa (Aster.) are each known only from a single, poorly localized collection made in the 19th Century. Indigenous Ischaemum (Poa.) is known only from a single 1927 collection. Dioclea (Faba.) is known from three collections. Apart from these and a very few others (e.g. Pelagodendron − Rub. 'sea level to perhaps a few hundred meters', Stictocardia − Convolv. 'coastal'), Smith has recorded detailed altitudinal ranges for species in all genera.
For seed plants as a whole, the highest generic diversity occurs at sea-level and there is a monotonic decrease in diversity in each 100 m altitudinal band with increasing altitude (Table 3 ). The largest drops in diversity between bands occur at 1200 m (91 genera), 900 m (75 genera) and 100 m (42 genera). The area of land within each band probably also decreases with altitude, but the actual areas are not known. Land areas within altitudinal bands probably also decrease fairly monotonically in New Guinea, but this has not prevented a high diversity of groups at montane altitudes. In Malesia, Ericaceae and ferns have maximum species diversity in the 1000−1500 m belt, as do the New Guinea birds of paradise and bowerbirds (Heads, 2003) . It is quite likely that the lowland forest there is not the most diverse community. Similarly, orchids in Fiji (the most diverse family there) have maximum diversity at 200-400 m. It is difficult to compare the data further with the situation in other areas as studies for whole floras of other islands seem to be lacking.
COASTAL GROUPS FAMILIES RECORDED IN SHORE VEGETATION
Sixty-nine of 137 families (50%) of Fiji seed plants (4/4 gymnosperms, 12/23 monocots, 53/110 dicots) are Dowling & McDonald (1982) commented: 'In some instances it is difficult to decide which species are "true" mangroves and which are not. The problem mainly exists for marginal species that occur in brackish areas and which may occasionally behave as a "true" mangrove in some situations and as land based plants in others'. Mepham & Mepham (1985) made the reasonable suggestion that a broad definition of 'mangrove' is desirable. A satisfactory definition is elusive but, in any case, less important than analysis of the morphological, ecological, and biogeographical affinities involved. The inner, landward edge of the mangrove (the 'back-mangrove') is one of the more diverse communities in the tropics but is seldom discussed. Chapman (1976) observed that 'Too little attention has been devoted in the past to this belt. ' Macnae (1968) noted that it is the 'most highly variable' of all the zones in mangrove. The possible adjacent terrestrial communities are numerous and diverse, and the number of mangrove-associate species is large (Tomlinson, 1986) . The back-mangrove may grade into beach forest or thicket, to freshwater swamp forest, to lowland rain forest, to 'a particularly rank and luxuriant vegetation where the Scitamineae [Zingiberaceae, Marantaceae, etc.] often take a leading part' (Guppy, 1906: 485) , to open, arid salinas occupied by halophytic herbs or shrubs (Chapman, 1976) , or to other kinds of open habitat, 'parkland' and secondary vegetation. There is often no sharp line between mangrove and these communities, or, rather, there is often a very small-scale mosaic of species typical of the different communities in different microhabitats (cf. van Steenis, 1958) which is more complex than the zonation patterns illustrated in text-book accounts of mangrove. On a slightly larger scale, Macnae (1968) mentioned 'odd little clumps' of terrestrial forest in the mangroves of Sumatra of 'a few acres or less in extent'.
The mangrove and back-mangrove are also rich in fauna, for example, an important malaria mosquito (Anopheles sp.) of coastal East Africa is characteristically found in open areas behind mangrove (Macnae, 1968) . Mangrove in Malaysia has a distinctive avifauna, which is the main source of the birds found in the extensive open and semiopen country of riversides, forest clearings and villages (Whitmore, 1984) . Two hundred bird species are recorded from mangrove in Australia, and 14 are virtually confined to it (Schodde, Mason & Gill, 1982) .
Thirty-seven plant families (27% of the total) and 80 species are recorded in or around mangrove in Fiji (see Supplementary Material, Appendix S2). The families with most species here are Orchidaceae (12 spp.) and Rubiaceae (eight spp.). These are also the two most diverse families (by genera and species) in the flora as a whole. There are 11 mangrove-associate legume species, treated here in three families. Other diverse mangrove-associate families in Fiji are Combretaceae (four spp.), and Rhizophoraceae, Mimosaceae, Fabaceae, Meliaceae, and Verbenaceae (each with three species). It is noteworthy that Sapindaceae are recorded around mangrove in Fiji with only one species, as they are common there in Malesia (Heads, 2003) .
Of the 80 species associated with mangrove in Fiji, almost half (39; see Supplementary Material, Appendix S2) are also recorded from limestone in Fiji.
The geographical range of the mangrove associates is also indicated in the Supplementary Material (Appendix S2). Seven species (9%) are 'pantropical'. These are often assumed to be widely dispersing, but recent molecular studies have found that many marine species formerly regarded as 'circumtropical' comprise vicariant clades (Heads, 2005a) . It is likely that this will prove true for the terrestrial plants as well.
Sixteen mangrove-associates (20%) have a southeast Africa/Madagascar/Seychelles-Pacific islands distribution. This pattern also occurs in beach and sea cliff taxa such as: (1) Stenotaphrum micranthum (Poa.): sandy coastal areas from the Mascarenes to Polynesia; (2) Thuarea (Poa.), which comprises two species: Thuarea involuta, common on beaches throughout Fiji and ranging Indo-Malesia-Polynesia, and a second species endemic to coastal Madagascar; and (3) Pemphis acidula (Lythr.): near sea level only, in coastal thickets, along rocky coasts and on limestone cliffs, from East Africa to eastern Polynesia. These Indo-Pacific distributions are likely to be the result of vicariance with central/west AfricanAmerican (i.e. Atlantic) species.
Other mangrove-associates have an India/SE Asia-Pacific islands distribution.
The mangrove-associates Decaisnina forsteriana (Loranth.) and Tarenna sambucina (Rub.) are restricted to the central South Pacific (MelanesiaEast Polynesia). Other maritime plants are endemic to the same region, for example, Senna glanduligera (Caesalp.), rocky coasts, lagoon cliffs, usually or always on limestone: Vanuatu-Henderson Island (Pitcairn group); Planchonella grayana (Sapot.): rocky coasts, coastal thickets, often on limestone, sometimes inland along streams or in forest: Fiji-Tuamotus.
Finally, 23 mangrove-associates (29%) are endemic to Fiji, or to Fiji and nearby islands. A nonmangrove, coastal species with a similar distribution (FijiSamoa) is Rapanea myricifolia (Myrsin.) which occupies the entire altitudinal range in Fiji from sea level up to 1323 m, in beach thickets, forest, thickets in grassland, sometimes on limestone.
These records indicate that similar ecology is not reflected in distribution range, which varies widely in mangrove-associates, even in the same genus. For example, although Morinda citrifolia is widespread, Morinda grayi is a Fiji endemic. Of the three mangrove species of Terminalia, Terminalia catappa ranges from tropical Asia to Eastern Polynesia, Terminalia litoralis is endemic to Fiji and Tonga, and Terminalia pterocarpa is only known from south-east Viti Levu. Likewise, orchid species share similar means of dispersal but in the mangrove species Liparis elliptica and Appendicula reflexa range from India/Sri Lanka to Fiji/Samoa (over 10 000 km) whereas Diplocaulobium tipuliferum is a Fiji endemic.
Thus, the Fijian flora presents a pattern much more complex than one of widespread species along the coast and narrow endemics inland. In general the mangrove-associates show no correlation between means of dispersal or ecology, and actual distribution range. This counter-intuitive phenomenon has also been observed in many other groups, both marine (Heads, 2005a) and terrestrial (Heads, 2001 (Heads, , 2003 .
FAMILY REPRESENTATION ON LIMESTONE
Although there is only a comparatively small area of limestone in Fiji, a broad representation of families occurs on this substrate. Other families not listed here probably grow on at least partly calcareous material such as beach sand with fragments of shell and coral. In the gymnosperms, three of the four families are recorded on limestone, for monocots 11/25, and for dicots 64/110, giving a total for seed plants of 77/137 (56%). Complexes of related families (following Savolainen et al., 2000) in which all the families are recorded on limestone include: Loranthaceae, Santalaceae, Olacaceae; Tiliaceae, Sterculiaceae, Malvaceae, Thymelaeaceae; Rhizophoraceae, Euphorbiaceae s.s., Dichapetalaceae, Phyllanthaceae (= Euphorbiaceae pro parte), Malpighiaceae, Flacourtiaceae, Clusiaceae; Ebenaceae, Sapotaceae, Myrsinaceae; Surianaceae, Mimosaceae, Caesalpiniaceae, Fabaceae; Lythraceae, Myrtaceae, Melastomataceae, Combretaceae; and Anacardiaceae, Burseraceae, Simaroubaceae, Rutaceae, Meliaceae, Sapindaceae.
Families that are not recorded on limestone in Fiji although they have more than five species in the country include: Podocarpaceae, Zingiberaceae, Cunoniaceae, and Gesneriaceae (the last possibly occurs on limestone on Yacata I., see below).
SPECIES RESTRICTED TO LIMESTONE
There are 29 species restricted (at least in Fiji) to limestone or calcareous substrate and these all occupy shore habitat (see Supplementary Material, Appendix S3). Twelve species have a similar ecology but are not tied so strictly to limestone.
PLAGIOTROPIC HABIT IN SPECIES ON LIMESTONE OR IN MANGROVE
Many beach plants have a prostrate habit or at least a tendency to plagiotropy. Tomlinson (1986) wrote that 'A number of mangrove genera (e.g. Avicennia, Rhizophora, and Sonneratia) have a limited ability to spread because their lower branches may recline under their own weight and root distally'. Davis (1940) regarded this as important in Rhizophora and, in Malaysia, Holbrook & Putz (1982) described prostrate, rooting stems of the tree Sonneratia alba up to 37 m long. Plagiotropic plants with shoot axes rooting distally could easily evolve into erect plants with a single trunk by suppressing adventitious roots and all but one main shoot axis, as in Thymelaeaceae (Heads, 1990c) .
Thirty eight species of Fijian plants from beaches and limestone show some degree of plagiotropy (see Supplementary Material, Appendix S4). Twenty of these are Pacific endemics.
NON-COASTAL GROUPS FAMILIES NOT OCCURRING AT OR NEAR SEA LEVEL
One hundred and twenty-four of the 137 seed plant families indigenous in Fiji (90%) occur there, at least occasionally, at or near sea-level. The following 13 families occur in Fiji but are not recorded there at sea level. The numbers of genera and species in Fiji, the distributions of the Fiji species, and their lower limit in Fiji are indicated.
Monocots: Triuridaceae (one genus, one species, Peninsular Malaysia-Fiji, but not Australia), lower limit: 30 m) and Philesiaceae (1/1, Philippines to Australia and Fiji; 130 m).
Dicots: Degeneriaceae (one genus, two species, both endemic; 30 m), Aristolochiaceae (one genus, one species, endemic; 180 m), Chloranthaceae (one genus, two species, one species from the Solomons to the Cooks, the other from Vanuatu and Fiji; 350 m), Trimeniaceae (one genus, one species, also in montane Samoa; 500 m), Theaceae (one genus, two species, both endemic; 150 m), Gonystylaceae (one genus, one species, endemic; 100 m), Begoniaceae (one genus, one species, endemic; 200 m), Ericaceae (one genus, one species, endemic; 450 m), Aquifoliaceae (one genus, one species, endemic; 100 m), Coriariaceae (one genus, one species, Solomons, Fiji, Samoa; 550 m), Vitaceae (two genus, three species, two endemic, one also in Samoa; c.100 m).
These families all have three or fewer Fijian species, and these species mostly have narrow distributions (11/18 are endemic to Fiji). The families restricted to the highest altitudes in Fiji (Ericaceae, Chloranthaceae, Theaceae, Trimeniaceae, Coriariaceae) are generally montane in the tropics, but Triuridaceae, Aristolochiaceae, Vitaceae and Gonystylaceae are often lowland plants and may turn up at sea-level in Fiji.
GENERA ONLY OCCURRING AT AND ABOVE 100, 300, AND 600 M There are 70 plant genera in Fiji only known from 100 m and above. Most of these (43) (Seemann, 1973: 279) . Table 1 , which shows the numbers of seed plant and orchid genera in each 100 m altitudinal band, appears to indicate a gradual dropping out of genera with altitude rather than any sudden change. In addition, as shown in the Supplementary Material (Appendix S1), there are very few genera restricted to above 600 m. However, an analysis at species level may well support Seemann's observation, and many Fijian species are very distinctive.
The following 24 genera (seven of which are orchids) only occur in Fiji at 300 m and above (genera only at 600 m and above are in bold): Acmopyle (Podocarp., 680-1050 m), Podocarpus (Podocarp.) (sensu Bobrov & Melikjan, 1998) Of the orchids, Glossorhyncha, Aglossorhyncha, Octarrhena, Calymmanthera, and Microtatorchis are Malesian genera absent in Australia and illustrate the important Melanesia-Fiji connection (cited above) in montane plants. Earina is a southern group, present in New Zealand, New Caledonia, and east to Samoa but not in Australia. Likewise, Acmopyle, Rhuacophila, Cyphosperma, Piliocalyx, Meryta, Ascarina, Pterocymbium, and Coriaria are all present elsewhere in Melanesia but are absent from Australia. Acmopyle (Hill & Carpenter, 1991) and Ascarina (Coetzee & Muller, 1984) occur as fossils in southern Australia but are not extant anywhere in the country, indicating that they had relatively minor centres of genetic diversity there. As in Earina, the affinities of the Fijian Melicytus species are with New Zealand and Samoa rather than Australia (Kellogg & Weitzman, 1985) .
FAMILIES REACHING THE HIGHEST POINTS IN FIJI
The highest mountain in Fiji (Mt. Victoria = Mt. Tomanivi, northern Viti Levu) reaches 1323 m and approximately 11 other mountains reach 1000 m (Samoa, Vanuatu, the Solomons and New Caledonia are all higher than Fiji). The 23 families that reach the summit of Fiji or near it (1300 m) with indigenous species are listed here. All reach this altitude with a single genus except where indicated.
Monocots: Liliaceae (two genera), Philesiaceae, Smilacaceae (to 1300 m), Zingiberaceae (1300 m), Orchidaceae (two genera, another two genera to 1300 m), Poaceae (two genera to 1300 m) and Pandanaceae.
Dicots: Peperomiaceae, Lauraceae, Urticaceae, Balanopaceae, Elaeocarpaceae, Ericaceae, Symplocaceae, Myrsinaceae (two genera), Cunoniaceae (two genera), Pittosporaceae, Myrtaceae, Melastomataceae (two genera), Araliaceae, Asclepiadaceae, Rubiaceae (two genera) and Gesneriaceae.
Although Zingiberaceae, Balanopaceae, Symplocaceae, Melastomataceae and Asclepiadaceae tolerate this cold ecology they are absent from, for example, New Zealand, again, probably for biogeographical reasons.
GENERA RANGING FROM SEA-LEVEL TO THE HIGHEST POINTS IN FIJI Genera ranging throughout the altitudinal range in Fiji, from sea-level to 1300 m, are: Smilax (Smilac., with one species present in Fiji), Alpinia (Zingiber., five species), Dendrobium (Orchid., 22 species), Calanthe (Orchid., five species), Isachne (Poa., one species), Freycinetia (Pandan., eight species), Peperomia (Peperomia., 23 species), Hedycarya (Monim., one species), Litsea (Laur., 13 species), Elatostema (Urtic., 14 species), Balanops (Balanop., one species), Elaeocarpus (Elaeocarp., 21 species), Symplocos (Symploc., two species), Tapeinosperma (Myrsin., 12 species), Rapanea (Myrsin., four species), Pittosporum (Pittosp., five species), Syzygium (Myrt., 35 species), Medinilla (Melastom., 11 species), Plerandra (Aral., seven species), Hoya (Asclep., four species), Psychotria (Rub., 78), Morinda (Rub., four species), Ophiorrhiza (Rub., three species; to 1280 m), and Cyrtandra (Gesner., 37 species).
Most of the genera that are speciose in Fiji are represented in this list. Of the other large genera, Ixora (Rub., 22 species) reaches 1240 m, Bulbophyllum (Orchid., 20 species) and Ficus (Mor., 14 species) reache 1150 m, and Glochidion (Euphorb., 17 species) reaches 1155 m (Astronidium-Melastom., 16 species, occurs at the summit of Fiji but is not known below 30 m).
ALTITUDINAL ANOMALIES
Taxa usually have a fairly well-defined altitudinal range which generally becomes lower with increasing latitude. However, altitudinal 'anomalies' often occur (Heads, 2001 (Heads, , 2005b . For example, the subshrub Kelleria dieffenbachii (Thymel.) ranges in montane habitats above 400-500 m from New Guinea to southeast Australia, New Zealand and Auckland Islands south of New Zealand but, at Shag Point, New Zealand, it has anomalously low records near sea-level (Heads, 1990a, c) . Other generally montane taxa show the same phenomenon at Shag Point, which is also a centre of endemism for insects (Heads & Patrick, 2003) . In addition, the Shag Valley, running inland from Shag Point, is well-known as a northern and southern distribution boundary, and the associated Waihemo Fault Zone has been the site of much uplift and subsidence. Thus biogeographical nodes can also be localities of ecological (e.g. altitudinal) anomalies, with both the ecological and biogeographical phenomena resulting from tectonic processes.
Following his extensive travels in Fiji, Horne (1881: 59-60) observed that 'Several species of what are known as sea-shore plants are also found far in the interior of the largest islands of the group'. He cited 12 species, including for example Cerbera odollam (i.e. Cerbera manghas). 'On the other hand', he continued, 'many of the plants found on the tops of the mountains are also found near the level of the sea, even on the shore'. Guppy (1906: 42) noted that 'There are very few littoral plants in Fiji that do not at times leave the coast . . . plants that appear to be altogether confined to the sandy beach, break away on rare occasions from their usual station . . . Professor Schimper informed me by letter that he had noticed a similar extension of the shore plants in the Seychelles'. Guppy (p. 50) also cited Cheeseman (1903) Altitudinal anomalies in Fiji fall into two main groups. The first involves anomalously high records from Viti Levu, especially around Mt. Tomanivi/ Nadarivatu. The second includes anomalously low records from the Lau Group.
HIGH ALTITUDE ANOMALIES
In New Caledonia and the Loyalties, Cycas seemanii (Cycad.) occurs only at sea level, on calcareous beach sands and coral limestone formations whereas, in Fiji, it grows on coastal limestone and shores with volcanic rock, but also reaches 600 m in south west Viti Levu (Nausori Highlands) (Hill, 1994 (Hill, , 1996 Keppel, 2001) .
Melodinus glaber (Apocyn.) occurs in Fiji at Bua (Vanua Levu) in mangrove, on Waya I. (Yasawas), and at Nadarivatu at 1050 m.
Tylophora subnuda (Asclep.) occurs on Futuna I. near sea level, in the Macuata Range (Vanua Levu), and at Nadarivatu, at 600-1050 m.
Leucopogon (Epacrid.), with one species on Fiji, occurs on Vanua Levu from near sea-level to 590 m whereas, on Viti Levu, it is only known from 400 to 1075 m.
Excoecaria agallocha (Euphorb.) usually occurs at sea-level in mangrove, but is recorded from 415 m in the Yasawas on bare basalt hillsides (as a shrub rather than a tree, and with suborbicular rather than ellipticovate leaves).
Ipomoea indica (Convolvul.) is pantropical and usually coastal but, in Fiji, it extends in mid-elevation forests to 750 m.
Psychotria crassiflora is mainly recorded from coastal south-central Viti Levu (e.g. Wainiyabia, Serua, 15 m, Damanu, SUVA). However, there is a single collection from higher altitude in Ba (Kuruvoli, Navai-Mt. Tomanivi track, SUVA).
LOW ALTITUDE ANOMALIES
Several species show anomalously low altitude in the Lau Group, especially on Yacata I., 50 km west of Vanua Balavu (north Lau). Yacata is 256 m high and mainly composed of limestone, with some andesite exposed in the east. Many low altitude collections were made on the island by Koroveibau on 2 April 1968 at Navakacuru, but the precise site of this locality, or whether it is on limestone or andesite, is not known. Yacata is not yet covered in the 1 : 50 000 topographic map series, and 'Navakacuru' does not appear on any of the older maps held at the Government Lands and Survey Department or on the 1 : 25000 geological map of the island published by the Mineral Resources Department. Most of Koroveibau's collections from Navakacuru in Suva are labelled '50 feet' (15 m), and either 'coconut plantation' or 'forest'. Probably most collections from here are from about this altitude. (His collection of Tylophora venulosa is labelled 'on coastal rocks', and his collection of Isachne is labelled 'sea level').
Dendrobium prasinum (Orchid.), a Fiji endemic, occurs on the four large islands at 600-1150 m. There is also a record from Yacata (Navakacuru), from a coconut plantation and probably near sea level (see note above). Kores (in Smith) felt the specimen 'had most probably been taken there from a higher elevation on one of the other islands . . . several orchids collected on Yacata . . . are not to be expected from Lau'. However, Yacata and nearby islands are sites of anomalously low altitude species in other groups. The locality needs to be recollected to resolve the issue.
Dendrobium catillare is recorded from montane sites in Viti Levu, Vanua Levu and Taveuni, and there is also a record from Navakacuru, Yacata I., probably near sea level.
Dendrobium vagans occurs in Viti Levu and Vanua Levu at inland sites and in montane forest up to 850 m, but on Namalata I. (Vanua Balavu) it is recorded along rocky shores and in rocky forest on limestone.
Microtatorchis samoensis (Orchid.) ranges in Fiji at 725-1120 m, but there is also a Koroveibau collection from Yacata I. ('Navakacuru, coconut plantation' is specified on the Suva duplicate), with altitude unspecified. Kores suggested that this may have come from the summit (256 m), but most of Koroveibau's collections from Navakacuru were from 15 m. In any case, it is an altitudinal anomaly.
Isachne vitiensis (Poa.) is 'reasonably common at elevations of about 150-1300 m' but is also recorded from Yacata, Navakacuru (coconut plantation, sea level) (Koroveibau, SUVA).
Tylophora venulosa (Asclep.) is a Fiji endemic known from only two collections: Nadarivatu at 800 m, and Yacata I., on coastal rocks.
Maesa tongensis (Myrsin.) is found in Fiji only near sea level on limestone, in southern Lau (Fulaga). In Samoa, it ranges from the beach to 900 m (Savaii) (Christophersen, 1935) .
In the largest Fijian genus, Psychotria (Rub.; 78 species) Darwin & Smith (in Smith) cited 21 species from 'near sea level', but from the collections cited it appears this phrase is used here in a broader sense than it is elsewhere in Smith. The genus is generally rare below 100 m.
Psychotria forsteriana is widespread in Fiji up to 900 m, but also occurs at Lomaloma (Raviravi), Vanua Balavu, on the beach (Koroveibau, SUVA).
Psychotria brackenridgei occurs widely throughout Fiji, up to 1150 m, and Darwin & Smith (in Smith) cited a single collection from a maritime habitat: 'rocky slope above mangrove swamp' (Bryan 480) on Karoni (near Moce, S Lau), a low limestone islet.
Psychotria pachyantha occurs in Vanua Levu in inland localities (Mt. Kasi; Macuata coastal mountains) but there is also a record from Yacata I. (Koroveibau, Navakacuru, SUVA).
Psychotria nandarivatensis (Rub.) occurs at 750-1195 m in central and north-western Viti Levu. However, there is also a record from Yacata I. from 15 m (Koroveibau, Navakacuru, SUVA) 'surprisingly far out of the expected range of the species' (Smith) .
Psychotria koroveibaui is known from the upper Navua R. (Mt. Vakaragosiu) at 800 m (Vodonaivalu, SUVA), Sigasiga Ck., Driti, Bua, at 150 m (Koroveibau, SUVA) and Mt. Seatura, Bua, at 360-450 m (Koroveibau, SUVA), all at higher altitude, plus a collection from Yacata I. at 15 m (Koroveibau, Navakacuru, SUVA).
Psychotria carnea occurs on five of the high Fiji islands, generally in upland sites up to 800 m (and in Samoa at 250-450 m; Whistler, 1986) , but is also recorded (Darwin & Smith in Smith) from Kabara and Ogea Levu in south Lau, both limestone and the latter only 80 m high.
The species group 'Tephrosanthae' of Psychotria is known from higher altitudes on six of the high islands; its only representative in Lau is Psychotria macroserpens, known from sea level to 100 m on limestone on Kabara.
Like Psychotria, Cyrtandra (Gesner.) is largely montane. This is especially clear in New Guinea. In Fiji, the altitudinal zones are compressed but, even here, the two genera are rare below about 100 m. However, the following species have records near sea level: Cyrtandra chippendalei (Koroveibau, Navakacuru, 15 m SUVA); Cyrtandra dolichocarpa (Koroveibau, Navakacuru, forest, 15 m SUVA); Cyrtandra ventricosa (range given as 100-850 m by Smith, but also recorded from Navakacuru); Cyrtandra anthropophagorum (Smith gives 'near sea level − 1150 m', but of the many sheets in SUVA the lowest is 200 m − Ash, Wailoku); Cyrtandra aloisiana (Smith gives 'near sea level to 550 m').
Probable low altitude anomalies at Navakacuru are also known in Plerandra vitiensis (Aral.), Schefflera vitiensis (Aral.) and Hedstromia latifolia (Rub.).
Manilkara smithiana (Sapot.) is 'surprising in its altitudinal range' (Smith) . A record from Nadarivatu is the only record from upland forest (825 m). Elsewhere, it occurs at inland sites in Viti Levu and Vanua Levu and at low altitude on Susui and Namalata (118 and 125 m), small islets adjacent to the southern end of Vanua Balavu.
Alectryon (Sapind.) has two species in Fiji. One occurs in dense or open forest from 30-700 m. The other, Alectryon samoensis, is known in Fiji only from southern Lau (Kabara) in forest on limestone at less than 100 m altitude, although in Samoa it ranges up to 1400 m.
Psychotria leiophylla is in the Solomon Islands and Fiji (north and south Lau only, on limestone) only at sea level, but in Samoa it is restricted to forest at 400-850 m.
Etlingeria (Geanthus) cevuga (Zingib.) is in Fiji (Namosi only) at 200-400 m, but in Samoa ranges from 400 to 800 m (Christophersen, 1935) .
Dendrobium hornei (Orchid.) is known only from Rabi I. (east of Vanua Levu) on trees near the sea shore, 'where it was occasionally bathed in the salt spray of the breaking waves' (Horne, 1881: 66) . According to Kores (in Smith) , it is probably closest to Dendrobium samoense of Samoa, which ranges from the littoral to 600 m (Cribb & Whistler, 1996) .
Another site of low altitude anomalies in this area occurs in north east Vanua Levu, at Wainika on Udu Point. The palm Hydriastele vitiensis usually occurs at 300-800 m but grows at 25 m at Wainika (Watling, 2005) . Another palm, Clinostigma exorrhizum, usually grows well above 700 m but, at Wainika, is recorded from 50 m, 'truly divergent from its normal habitat' (Watling, 2005) .
Low altitude anomalies are much rarer on Viti Levu. Peperomia subroseispica (Peperom.) is usually found in Fiji at 500-1323 m, but there is one specimen (coll. Tothill) from the coastal locality Lami. Smith questioned the record, but only because of the anomalous altitude. Terminalia pterocarpa (Combret.) occurs in south east Viti Levu only, where it is known from 30 collections made at 120-300 m. There is a single record (coll. Tothill) from sea level at Lami, at the edge of the mangrove belt. Both collections could be mislabelled, but it is possible that Lami is the site of altitudinal anomalies. It is one of the few localities around south east Viti Levu with good quality limestone and activity at the quarry there has destroyed much of the original vegetation. In the same general vicinity, a 1906 im Thurn collection of Pomatocalpa vaupelii (Orchid.) labelled 'common on rocks around Suva Harbour' is the only record from sea level; the species is otherwise only known from 50-1100 m in dense forest. Kores (in Smith) found the record 'highly questionable'.
Low altitude anomalies may also occur on the island of Rotuma, north of Fiji. Rigamoto (2001) recorded Psychotria fragrans there on rocky and sandy shores. The species is otherwise only known from dense forest on Viti Levu and Taveuni, at 250-1000 m.
These examples might be related to a further ecological 'anomaly' in the genus Xylocarpus (Melia.), which has two species in Fiji. Xylocarpus granatum occurs around the inner edges of mangrove swamps, in coastal thickets and littoral forest, on rocky beaches and limestone, up to 20 m. Xylocarpus rumphii (in Smith as Xylocarpus moluccensis) grows at sea level on rocky or sandy beaches, in coastal forest, along rivers, and on riverine islands. Both species range widely outside Fiji, but Smith noted that the clear habitat differences usually seen elsewhere in the two species (mangrove swamps vs. open coasts) break down in Fiji.
In examples from bird life, the red-throated lorikeet (Charmosyna amabilis) is generally found in mature forest and all recent records on Viti Levu have been in highland areas around Mt. Tomanivi. However, there is an exceptional observation in mangroves on Ovalau (Watling, 2001) . Observations on Vanua Levu and Taveuni have been equally rare but have also included 'some at lower elevations' (Watling, 2001) .
Throughout much of its range, including Fiji, the Pacific pigeon (Ducula pacifica) is a bird of dry beach forest and coastal scrub. However, in Samoa and American Samoa it is found in mountain forest on the larger islands (Watling, 2001) (cf. A. samoensis, P. leiophylla, and E. cevuga, cited above) .
These altitudinal anomalies can be related to vertical tectonic movements, as discussed below. DISCUSSION LATITUDINAL/LONGITUDINAL BIOGEOGRAPHY Smith (1955) observed that the eastern limit of many seed plant genera (he cited 101) occurs at Fiji/Tonga and he observed that this biogeographical boundary coincides with the geological 'andesite line', which runs between Fiji/Tonga and Samoa. The 'andesite line' is now recognized as the convergent margin of the Pacific and Indo-Australian plates. Smith (1951 Smith ( , 1955 interpreted the biogeographical pattern as a function of geological history and suggested that the Fiji region and its flora were remnants of a sunken Melanesian continent which had its eastern boundary by the 'andesite line'. These views predated the concepts of plate tectonics, especially the idea of lateral movement and subduction of plates, and the idea of a former Melanesian continent is now seen as too simplistic. However, the plate margin is an important feature for both biogeography and geology, and Smith's idea of a geological explanation for the biogeography of Fiji seems likely to be correct. The plants of Fiji and the rest of Melanesia may indeed be the result of longterm survival, not on a single prior continent but as a metapopulation, surviving on the ephemeral volcanic islands always associated with oceanic subduction zones and hot spots, and on the atolls that develop on volcanoes in areas of subsidence. The 'atoll zone' of the central Pacific comprises a vast area from the Carolines to South East Polynesia which has undergone subsidence, during which the volcanic islands there have been draped with limestone. Other Pacific island floras are also likely to have survived in their respective regions for much longer periods than indicated by the age of the volcanic or limestone strata they currently inhabit. In Hawaii, for example, Hillebrandia (Begon.) is endemic to the archipelago and much older than the current islands, and has survived there by repeatedly dispersing from older, now largely eroded islands, to nearby younger, more mountainous islands (Clement et al., 2004) .
The idea of a large, central Pacific continent has been abandoned by most geologists, and so biologists (e.g. Gillespie, 2002; Spironello & Brooks, 2003) have assumed that Pacific islands must have received their biota by long-distance dispersal overseas from other extant islands. This common misconception overlooks the fact that islands are constantly forming and disappearing at subduction zones and hot spots, and that the current islands have probably received their biota from nearby islands that no longer exist.
Smith supported the idea of a Melanesian continent partly because he felt that all the plants of Fiji, or their direct ancestors, had arrived there from the west and that many would have required land to migrate. He accepted (Smith, 1970: Fig. 2 ) that the centre of origin for angiosperms was in South East Asia-Malesia ('west and north of Wallace's Line'; Smith vol. 1), and that early angiosperms had migrated from here, with one route leading first to New Guinea and from there to Fiji. However, Smith also accepted long distance dispersal, assuming, for example, that Fiji endemics such as the two Decaspermum (Myrt.) species originated by 'waif introduction' from the west. Likewise, he thought the Fiji endemic Koelreuteria elegans (Sapind.) has been 'derived from an ancient, chance disseminule' − its closest relative is K. formosana of Taiwan, 7000 km away. [The pattern is similar to that of Stillingia (Euphorb.), in Fiji and disjunct in the northernmost Philippines and Moluccas/Lesser Sunda Is. (Esser, 1999) and Hiptage myrtifolia (Malpigh.), a Fiji endemic most closely related to Hiptage luzonica of the Philippines and Sulawesi (Jacobs, 1955) ]. Smith never elaborated on exactly which taxa had required land to reach Fiji (the animals usually cited in this connection are the two endemic frogs). However, he always assumed that the taxa or their ancestors had reached the Fiji region by moving there from the west, not by evolving there in situ as a metapopulation.
This idea, that the ancestors of Pacific taxa all originated in Asia and migrated into the Pacific, has been the dominant paradigm of Pacific biogeography from the 19th Century up to the present (plants: Ash, 1992; van Balgooy, Hovenkamp & van Welzen, 1996; animals: Craig, Currie & Joy, 2001; Duffels & Turner, 2002) . Distributions in the Pacific inevitably figure among the classic examples of long-distance dispersal. However, some authors have instead suggested a vicariance model in which there have always been plants and animals in the Pacific and the present-day taxa are their descendants. Kay (1980) observed that 'Most biogeographers have interpreted the distribution patterns exhibited by the biota of Pacific islands in terms of Darwin-Wallace biogeographical theory, a main assumption of which is that the biota of oceanic islands derives from dispersal . . . There remain, however, aspects of the distribution of the animals and plants of the Pacific that are not explained by traditional biogeographical theory: the occurrence of a recognizable Pacific biota, areas of endemism within the Pacific basin, disjunct distributions, and the diverse biotas of high islands compared with the sparse biotas of atolls . . .'. Kay concluded in favour of a vicariance origin of Pacific island biotas, as did Springer (1982) in explaining Pacific plate endemism in reef fishes. Springer, like Smith, emphasized the importance of the Pacific plate margins as geographical boundaries.
In the Fiji region, geologists have proposed that the Solomons, Vanuatu, Fiji and Tonga once formed a continuous island arc which was rifted apart into the separate chains by sea-floor spreading. Zug (1991) and Springer (1999 Springer ( , 2002 have interpreted distributions of lizards and reef fishes (for example, Fiji-Vanuatu disjunctions) as resulting from this history. ALTITUDINAL BIOGEOGRAPHY Zug (1991) and Springer's (1999 Springer's ( , 2002 idea that lateral geological movements have radically modified plant and animal distributions is supported here. It is also suggested that vertical tectonic movements, both uplift and subsidence, may have had equally direct effects on biological distribution. Plant and animal populations brought to new lower or higher altitudes may go extinct, or they may be able to survive, with or without adaptation, or there may be a long period of ecological lag as the communities readjust.
GEOLOGY OF FIJI
The tectonics and structure of Fiji are more complex than earlier publications suggested, and involve uplift, subsidence, and lateral movement. At least one of the large islands, Viti Levu, comprises a series of oceanic island-arc fragments that converged on each other and have become welded together (Nunn, 1994 (Nunn, , 1998a . Fiji occupies a small plate between the Pacific and Indo-Australian plates which has been, and continues to be, deformed by movements on these much larger plates. Plate boundaries in the area have moved but, currently, Fiji lies between two subduction zones of opposite polarity, the Tonga Trench (east of Fiji) and the Vanuatu Trench (west of Fiji). In the north, the Fiji plate is bounded by the Fiji Fracture Zone and in the south by the Hunter Fracture Zone (represented by the Kadavu Trench, a continuation of the Vanuatu Trench), both of which have been interpreted as transform faults (Johnson, 1994; Rodda, 1994) . The biogeographical consequences of movement on transform faults have been discussed elsewhere for New Zealand, New Guinea, Sumatra, Patagonia, the West Indies, and California (Heads, 1990a (Heads, , 1998a (Heads, , 1999 (Heads, , 2003 Craw, Grehan & Heads, 1999) .
Within the Fiji plate, compression (leading to updoming) and extension (leading to subsidence) probably alternated throughout the Tertiary. A period of uplift, the Colo orogeny, is inferred to have occurred around 10 Mya and created a large landmass in what is now southern Viti Levu. Subsequent emergence may have been the result of continued uplift of the island. Pillow lavas formed beneath the sea (approximately 5 Mya) have been raised to almost 1000 m above present sea level (Rodda, 1994) .
The Quaternary tectonic history of central Viti Levu has been dominated by continuing uplift (Nunn, 1994 (Nunn, , 1998a . Updoming, rather than simple uplift, is indicated by the erosion surfaces in Viti Levu − surfaces at higher altitude are more steeply inclined. Much of what has been regarded as tilting is actually the result of differential uplift. The Mt. Tomanivi area represents the summit of the dome and is the most rapidly rising part of the island. Late Quaternary emergence of Viti Levu's southern coast and apparent submergence of the north coast may have resulted from continued updoming.
Other areas also show recent subsidence. In Moala, this has caused submergence of a settlement which existed some 300 years ago. In the Lomaiviti group, Gau is rising in the east and subsiding in the west (Nunn, 1998a) .
Most of the Fiji islands are of dominantly igneous composition, formed from individual island arcs or the accretion of several island arcs with one another. However, most islands in the Lau Group are composed of limestone overlying a volcanic basement (Nunn, 1998a, b) and the large exposures of limestone often form spectacular eroded landscape (cf. Agassiz, 1899: Plate 74, showing northern Vanua Balavu). The LauColville Ridge was an active island arc during late Tertiary time, when it was joined to an ancestral Tonga-Kermadec arc. Island arc volcanism at 14-6 Mya produced the volcanic foundations of most modern Lau islands. Longitudinal splitting of the composite ridge by sea-floor spreading at ∼5.5 Mya involved the eastward displacement of the TongaKermadec Ridge and trench and removed the LauColville Ridge from a convergent plate boundary. It became an abandoned island arc and considerable subsidence took place for the next 2-3 Mya. As the volcanic peaks were submerged, they were covered with shallow-water reef limestone. By contrast, uplift occurred through most of the Pleistocene and the islands now reach 315 m in altitude (Vatu Vara). However, the islands around Vanua Balavu (including Yacata) have subsided during the late Quaternary although the rest of the Lau Group has continued to rise over the same period (Nunn et al., 2002) .
The long period of subsidence in the Lau Group could have brought previously upland taxa to lower altitude. Many high altitude taxa would have either gone extinct or survived in the new low altitude environment (sometimes on limestone), even if this was unusual for some groups (cf. Cyrtandra on Yacata, Psychotria on Yacata and Vanua Balavu, and the other anomalies cited above). Montane groups may have gone extinct if they have been brought right down to sea-level, but might still survive on higher limestone. Nothing has been published on the vegetation of the highest areas of limestone in Lau (and probably Fiji), on Vatu Vara, although collections made there by Bryan (mainly orchids) are held at BISH and AMES.
A parallel example of subsidence in Pacific invertebrates is seen in land snails characteristic of high forested islands; Solem (1983) discussed species known only as fossils on the atolls of Bikini and Eniwetok in the Marshall Islands, and Midway Island, north west of Hawaii. These localities mark the sites of formerly high islands which have undergone at least 1500 m of subsidence through the Tertiary. Solem wrote that 'as the high islands degraded into atolls, the more frequently interrupted moisture supplies in the litter wiped out the moisture-dependent endodontoid snails'.
LIMESTONE FLORAS
Whereas the water in colder seas is undersaturated with CaCO 3 and shells there dissolve on the death of the organism, extensive carbonate sedimentation occurs in tropical waters. Uplifted coral reefs and also uplifted carbonate platforms formed from deep sea sediments (mainly foraminifera) occur widely throughout the tropics. Plants that can tolerate these calcareous sites have the potential to be very widespread in tropical coastal areas. This ecology is important in present day communities and may also have been important in the evolution and rise to dominance of the early angiosperms (Heads, 2003) .
A 'halophyte' has been defined as 'a plant tolerating or thriving in an alkaline soil rich in sodium and calcium salts' (Lincoln, Boxshall & Clark, 1982) , and there is an important relationship between these two compounds. The presence of calcareous debris from coral and shells is an important constituent of mangrove mud and seems to be essential for the proper development of mangroves, particularly in areas of high salinity. The presence of calcium ions in the soil water is known to dramatically reduce or prevent any damage which would otherwise be done to the plant by an excess of sodium ions (Macnae, 1968; LaHaye & Epstein, 1969; Newby, 1982; Perera, Robinson & Mansfield, 1995; Sági & Erdei, 2002; Tobe, Zhang & Omasa, 2003) . The protective effect of Ca 2+ might be due to its role in maintaining the structural integrity of the plasma membrane. LaHaye & Epstein (1969) noted that there had been little recognition of this effect, and this is still true for most studies of mangrove. It has even been suggested that coral reefs are an 'extreme' habitat for mangroves (Tomlinson, 1986) , although the rigours of the intertidal habitat may actually become more extreme further away from coral and limestone.
Continuously water-logged mangrove peat soils and other saline peats and muds of the coast have a neutral to alkaline reaction in saturated conditions (they become acid on aeration) (Bleeker, 1983) . In Sumatra, the pH of the soil in the Avicennia and Rhizophora zones is alkaline, whereas that of the landward Nypa zone falls gradually to the acid level of peat forest (Macnae, 1968) . In Australia, Beadle (1981) cited a pH of 8.5-9.0 for mangrove soils.
It is often assumed that mangroves grow only in mud, but this misunderstanding probably arises from authors restricting their observations to certain Rhizophoraceae and Avicennia species. Although these and other mangroves are most abundant in mud, many mangroves (including some Rhizophoraceae) are not restricted to this substrate. Chapman (1976) emphasized that mangroves can grow on coral reefs, marl, sand, and shell beaches as well as mud. In Malesia, mangroves are most profusely developed on muddy shores in estuaries and lagoons, but also occur on sandy or rocky beaches and on old coral reefs covered with a thin sheet of sand or mud (van Steenis, 1958) . Carbonate platforms are important mangrove habitat in the smaller islands of the Pacific (Woodroffe, 1987) . Nunn (2000: Fig. 4 ) illustrated young mangrove plants (probably Rhizophora stylosa) extending across a dead coral reef in Ovalau, Fiji, and Whistler (2002) illustrated Rhizophora mangle plants on basalt lava rocks in Samoa. Grewe (1941) , as cited by Chapman (1976) , stated that Rhizophora is a calciphile, and Chapman illustrated Rhizophora seedlings wedged in cracks in coral reefs in Jamaica and developing there into large trees. Rhizophora stylosa is found in Malesia only on sandy shores and coral terraces facing the open sea (Ding Hou, 1958: Fig. 13 shows plants between granite boulders on a quartz sand beach) and in Fiji often occurs in clean sand (M. Heads, pers. observ.) . Rhizophora mucronata occurs as a pioneer on coral debris in East Africa and Madagascar (Macnae, 1968) .
Avicennia marina var. resinifera and Avicennia eucalyptifolia colonize coral islands in Australia (Beadle, 1981) and the latter occurs around coral reefs in Papua New Guinea (Percival & Womersley, 1975) . In Queensland, Aegialitis annulata (Plumbagin.) colonizes and persists on coral sand and debris on coral cays (Macnae, 1968; Beadle, 1981) . In Florida, Conocarpus erectus (Combret.) can form pure stands in saline marly soils (Tomlinson, 1986) . Aegiceras (Myrsin.) (Sri Lanka to the Solomons) is a mangrove recorded on banks of tidal streams and on coral (Percival & Womersley, 1975) .
Sonneratia species (Sonnerat.) are the largest trees in some inland rain forests, for example near Phangnga, southern Thailand (M. Heads, pers. observ. December 2004) . In Malesia, they are 'inhabitants of coral-terraces (either inundated by flood [tide] or not, shallow parts of calm seas, the mangrove and the banks of tidal rivers and creeks' (Backer & van Steenis, 1951) . Sonneratia alba 'prefers salt water and grows as well on a sandy or rocky as on a muddy soil, not rarely on coral terraces'. Offshore at Namatanai, New Ireland, it forms prostrate shrubs 30 cm tall and 3-4 m across, rooted in cracks in bare, flat limestone reefs. Older plants form prostrate trunks to 15 cm in diameter, which produce orthotropic shoots up to 3 m tall (M. Heads, pers. observ., July 2003) . The trees appear resistant to wind and wave action (cf. Macnae, 1968; Chapman, 1976: Fig. 28 showing trees in an area of quite strong wave action). By contrast, Sonneratia caseolaris inhabits the 'Less salt part of mangrove forests on a deeply muddy soil, never on coral banks, often along tidal creeks with slow-moving water and ascending as far as the tide mounts' (Backer & van Steenis, 1951) . It has also been reported from inland sites at up to 150 m in altitude (lake shores and swamp margins) in northern New Guinea where uplift has been very rapid (van Steenis, 1963 (van Steenis, , 1972 . These records of Sonneratia show a trend away from the mangrove and limestone (i.e. sites with high levels of sodium and calcium salts and high pH) towards the more neutral soils of the rainforest.
Thirty eight species of Fiji mangrove-associates (see Supplementary Material, Appendix S2) (including the 'true mangroves' Xylocarpus granatum and Rhizophora stylosa) occur on limestone. The affinity of the communities occupied by these species with those of dry land has not been explored in Fiji. In the Solomons, the timber tree Calophyllum kajewskii (Clus.) grows in pure stands on coastal coral limestone with the trees standing in a few inches of brackish water. These trees cannot be told apart from those growing in well-drained lowland forest (Whitmore, 1969) .
Widespread coastal species such as Ficus prolixa, Ficus obliqua and Ficus tinctoria (which all occur in Fiji) can survive on seashores and coral rock with little if any soil development, and 'Hence', as Corner (1963) wrote, 'they may be the pioneers on new coral rock, or they may be remnants of a disappearing flora'. Probably they are both; within a relictual biogeographical area of endemism, these species have a pioneer ecology, and this enables their continued survival in the areas with a history of subsidence where atolls form. The range of F. prolixa, from the Carolines to Pitcairn Island, virtually defines the 'atoll zone' of the Pacific. As new atolls form, they are colonized from nearby older ones and the population as a whole survives in the region as a metapopulation, even though individual atolls may be ephemeral in geological time.
Even such generally calcifuge taxa as Ericaceae have many species that grow on limestone (Heads, 2003) and although this would generally be interpreted as a secondary adaptation, it could instead represent an ancient relationship. Likewise, the occurrence of Rhododendron and other Ericaceae in the mangroves of West Malesia (but not East Malesia) is usually assumed to be the result of a secondary invasion of the mangrove after the evolution of the group, but may instead indicate relictual traces of an ancestral ecology (Heads, 2003) . Horne (1881: 168) observed that 'In many parts of Fiji, even on the tops of the high mountains in both the large islands, blocks of coral or coralline limestone may be seen lying about, where nothing remains but agglomerate, or basaltic rocks'. Apart from these blocks, any limestone that has been uplifted to more than ∼300 m in Fiji has been removed by erosion. If any had remained at higher altitude (as in Papua New Guinea), this would have allowed the survival of a diverse, high altitude, basicole flora. Some populations on uplifted limestone (for example, Cycas, Sapindaceae, Clusiaceae, Euphorbiaceae, Flacourtiaceae) may have survived at higher altitude by switching to volcanic substrates as the limestone was eroded from under the populations. These were eventually 'deposited' onto the underlying strata. This process probably involved the upland flora in general because most of the land area of the large islands would have previously been covered with limestone.
UPLIFT AND STRANDING OF MANGROVE FLORAS AT INLAND AND MONTANE SITES
It was emphasized above that the mangrove grades into a wide variety of other vegetation types such as beach forest and thickets, freshwater swamp forest, terrestrial rain forest, and open or secondary communities. Much of the extensive literature on mangroves is concerned with describing patterns of zonation at the outer limits of the mangrove (a relatively simple vegetation, with few species), and on defining 'true mangrove'. However, many questions about mangrove remain. Tomlinson (1986) concluded that 'The ecological literature seems incapable of being reduced to a simple set of rules to account for the diversity of vegetation types within the broad generic concept of mangal . . . Instabiliy and change are the most consistent characteristics of mangal'.
Mangroves, and the plants and animals associated with them, are usually seen as secondarily derived from 'normal' terrestrial forest. However, a few authors have questioned this interpretation. Gentry (1987) , for example, criticised the misconception that mangrove epiphytes are 'basically plants from nearby terrestrial communities that transgress into the mangroves', and emphasized that many epiphytes, such as the entire genus Tuberostylis (Compos.), seem unique to mangroves.
The mangrove and back-mangrove are much richer than is often realized. For example, in Sapindaceae, nine of the 42 Malesian genera (21%) occur in or around mangrove and 11 others (26%) are known from coastal cliffs and sands (Adema, Leenhouts & van Welzen, 1994) . In New Guinea Euphorbiaceae, 11 out of 47 genera (25%) are recorded in or around mangrove (Airy Shaw, 1980) . In Malesia, Icacinaceae have six of the 12 genera in or around mangrove or on coral limestone at sea-level (Sleumer, 1971) , Celastraceae s.l. have five of 19 genera (Ding Hou, 1964) and Simaroubaceae have five of nine genera (Nooteboom, 1964) represented in similar habitats. Even in a mainly montane group, the New Guinea birds of paradise, at least five out of 14 genera of Paradisaeinae (35%) are found in mangrove and associated vegetation (Heads, 2001) .
As well as clear floristic affinities among mangrove, beach vegetation, freshwater swamp forest, and terrestrial rainforest, there are also important phylogenetic ties between genera and families of shore and aquatic environments and those of dry land. For example, the mangrove palm Nypa is basal to all the other palms (except Calamoideae) (Hahn, 2002) . In dicots, the mangrove Camptostemon is basal in the Malvaceae (Pfeil et al., 2002) . Savolainen et al. (2000) indicated that the mangrove family Rhizophoraceae (with Erythroxylaceae) is basal to a very large group of 34 families (termed the Malpighiales by Savolainen et al., 2000 ; but including the Euphorbiaceae, and much larger and better known than Malpighiaceae, Flacourtiaceae, etc.). Again, this appears to be less consistent with a secondary 'invasion' of the mangrove than with the evolution of land plants from shore plants through tectonic uplift.
Evidence of uplift and stranding of coastal taxa inland and on mountains has been discussed for New Zealand (Heads, 1990a, b) and Malesia (Heads, 2001 (Heads, , 2003 , and can be seen in many countries.
Chaetocarpus (Euphorb.) ranges from India and Sri Lanka to Peninsular Malaysia and Borneo. It is common along the coast in NE Malaysia and, according to van Welzen (1994) , the many inland collections 'may reflect old Pleistocene shorelines'.
van Steenis (1934) noted that 'In the Malaysian lowland there are peculiar, natural open sandy plains called padangs . . . They are situated mostly near sealevel . . . several plants descend here to their lowest altitude'. Van Steenis took a fundamentally geological approach to the problem and reasoned that 'The possibility of the occurrence of mountain plants at abnormally low altitudes on account of secular sinking cannot be denied'. He cited possible tectonic lowering of mountains and plant communities in SE Sumatra. In a classic, but usually overlooked, study, Kratan (1883) discussed sinking land in South East Asia and Malaysia in relation to plants growing at a lower altitude in Sumatra than in Java, and rejected (rightly, according to van Steenis) the idea that climate could be responsible.
Conversely, van Steenis (1934) cited 'abnormally high altitudes [of taxa] in regions which are gradually elevated' and cited Kratan's (1883) studies on tectonic uplift of oak forest in the European Alps. Later, van Steenis (1963 recorded mangroves in Malesia which have been stranded inland through tectonic uplift. Löffler (1977) recorded a former tidal mangrove at Aitape (north west coast of Papua New Guinea), 13 km inland and 52 m above sea-level. Current uplift rates in northern New Guinea (3 mm per year) would raise a mangrove or a coastal padang to a high montane environment (3000 m) in just one million years. Brookfield & Hart (1971) noted the raised beaches on the Huon Peninsula in northern Papua New Guinea, while 'conversely on the southern plain of New Guinea, it seems that some forest is being actively transformed into swamp forest through depression along axes transverse to the central cordillera. Altitudinal 'anomalies' in New Guinea birds have been noted by many ornithologists (Heads, 2001) . For example, Iredale (1950) described the altitudinal range of the birds of paradise species and noted that in addition a 'locality factor' is present; species sometimes occur at different altitudes in different parts of the island. Pratt (1982) cited the 'enigmatic' distributions of 25 primarily montane species at or near sealevel by the mouth of the Fly River, and regarded these as 'by far the most peculiar geographical problem of hill forest birds'. Although it might appear that plants and birds move freely and the mountains stay still, birds and plants may actually stay in their own locality, while the mountains move -up, down and sideways.
In Australia, a considerable portion of southern and central Australia was submerged by sea in Mesozoic and Tertiary times. Specht (1981) inferred that 'Remnants of the salt-marsh flora along the estuarine parts of the Tertiary coastline remained far inland when the sea retreated'. Specht cited Avicennia marina stranded 40 km inland from the Western Australian coast and also saltmarsh floras 500 km inland. The inland biota of Australia in general (for example, the many Eucalyptus species found around the inland salt lakes of Western Australia) can be interpreted as the result of formerly coastal communities having been stranded inland (Heads, 1990b) . This would account for the many affinites between the plants and animals of the desert and those of the coast.
Salicornia (Chenopod.) and Frankeniaceae are usually maritime shrubs but, in the rapidly rising Andes, both have cushion species occurring at over 4200 m altitude (Ruthsatz, 1978) .
In the West Indies, Stoddart, Bryan & Gibbs (1973) described inland mangrove vegetation in Barbuda including Laguncularia (Combret.), Conocarpus (Combret.), and a closed woodland of Rhizophora on old lithified beach ridges that have no connection with the sea. This raises 'problems of the history and devel-opment of these communities . . . It is clear, however, that mangroves, including Rhizophora, can grow in environments very different from those usually associated with mangrove vegetation'. Woodroffe (1987) observed similar inland mangroves in the Pacific islands, and the Rhizophoraceae genus Crossostylis occurs up to 1220 m in Fiji. In the same family, in the Watut Valley, New Guinea, Carallia ranges up to 750 m and Gynotroches to 1670 m.
The Russian author Tolmachev (1970) described the process of formation of highland floras, in which 'the height rises with its vegetational cover, namely with its flora, which will ultimately become orophytic . . . the adaptational amplitudes of the different species and their hereditary conservatism varies. Accordingly, some species of the rising highland will remain without any apparent changes in their nature, whereas other species, adapting to their new conditions, will be transformed into new "daughter" species, and finally, other species, being unable to adapt to the changing conditions, will perish'. Tolmachev emphasized the fundamental significance of the 'Floral and vegetational character of a certain area on the earth's crust before its rise to the ultimate altitude. The importance of this moment is frequently not fully appreciated in investigations of the origin of orophytic floras, although their nature (especially that of the more recent formations) will largely depend on it'.
CONCLUSIONS
The flora of Fiji and the Pacific in general has not been derived from immigrants from Asia or Australia, but has evolved more or less in situ. Taxa have survived as metapopulations on the ephemeral volcanic islands which characterize oceanic subduction zones, hot spots, and crack spots, and on the atolls which characterize areas of subsidence. Thus, a widespread central Pacific species pool, including regional and local endemics and their ancestors, has survived and evolved in the region for tens of millions of years and probably existed there even before the formation of the Pacific basin. This Pacific flora would never have been regionally homogeneous and major differences among the floras of Fiji and other parts of Melanesia are due to biogeographical/phylogenetic causes and different original locations of ancestral groups, rather than any ecological differences or vagaries of chance dispersal.
In the Fiji region, geologists have proposed that the Solomons, Vanuatu, Fiji, and Tonga once formed a continuous island arc which was rifted apart into the separate chains by sea-floor spreading. Zoologists such as Zug (1991) and Springer (1999 Springer ( , 2002 have interpreted Fiji-Vanuatu disjunctions in both terrestrial and reef taxa as resulting directly from this history, which may also have had a major influence on the flora.
It is usually assumed that the distribution of taxa associated with shore environments is the result of long distance dispersal from a point centre of origin. However, only 9% of Fijian mangrove-associates are pantropical. Most have quite localized distributions and it is suggested here that these are the result of allopatric differentiation by vicariance. Mangroveassociates are diverse in Fiji, especially in families that are diverse there anyway (Orchidaceae, Rubiaceae, legumes), and their geographical distributions do not appear to reflect either ecology or means of dispersal.
For many years, it was thought that angiosperms must have originated in mountainous areas (Axelrod, 1959 (Axelrod, , 1970 , thus explaining the lack of early angiosperm fossils. Subsequently, other workers (Retallack & Dilcher, 1981) have supported a coastal origin of the group. Plants of the mangrove, back-mangrove and freshwater swamp occur in a wide range of oligotrophic, periodically inundated soils, including both acid sands and peats, and basic, calcareous material. In contrast with the climax vegetation of the high montane cloud forest and its narrow endemics committed to a 'specialist' environment, the very diverse flora of the shore and its hinterland has a high preadaptive potential as an ancestral community, especially during phases of marine transgression, uplift and subsidence. It could easily have given rise to other kinds of periodically inundated vegetation (freshwater swamp forest, monsoon forest), terrestrial rainforest, montane forest, drier forest, and secondary forest. It is not suggested that the current mangrove-associate species are ancestral in their respective families, but that the mangrove-associate morphology, physiology and ecology are.
Despite the relatively small area of limestone in Fiji, over half (56%) the plant families in Fiji are recorded on this substrate. Calciphilous taxa associated with mangrove and also better drained coastal sites including cliffs and rocks are frequent in the Fiji flora. They include many species with plagiotropic architecture and are often tolerant of some drought. Plants with this ecology will always have the potential to survive over widespread areas and be capable of secondary adaptation in, for example, xerophytic communities of the sea-shore (coral sands, rocks), in thickets behind the mangrove, in savanna and open grassland, and in montane rupestral and forest-edge vegetation.
In geological studies of tectonics, vertical movements are integrated with horizontal ones. However, in biogeography, horizontal differentiation (over latitude and longitude) is usually considered quite separately from differentiation in the vertical axis. The proposal that lateral geological movements has brought about animal distributions in the Fiji region is supported here for the flora as well. It is also suggested that vertical tectonic movements, both uplift and subsidence, have had similar direct effects.
Groups such as Ericaceae in Malesia and birds of paradize in New Guinea are predominantly montane, but even these families also have significant representation on the coast and in the mangrove. The rapid uplift of New Guinea means that a coastal community would be raised to tree-line (at ∼3000 m) in just one million years and an evolutionary and tectonic approach can best explain altitudinal and biogeographical patterns here. The very diverse mountain flora and fauna and their precise distribution patterns in the region could be derived from prior communities associated with mangrove and related coastal communities. A similar conclusion was reached for the inland and alpine biota of New Zealand (Heads, 1990a (Heads, , 1998b Heads & Patrick, 2003) where regression of seas has left originally coastal taxa 'stranded' inland.
There has been considerable uplift as well as subsidence in the Fiji islands and this may have had drastic effects on the altitudinal range of the taxa. As indicated, limestone and mangrove floras could have provided a widespread, diverse ancestral species pool from which the higher altitude communities have been derived during the process of uplift. Tectonic effects seem especially relevant in the case of the 'altitudinal anomalies'. The main site of high altitude anomalies in Fiji (northern Viti Levu) is also the site of most rapid uplift in the country. The main site of low altitude anomalies (the Lau Group, especially northern Lau) has been the site of major subsidence.
Altitudinal anomalies are useful in any heuristic evaluation of the altitude of taxa. However, to establish these anomalies with some degree of certainty requires fairly extensive collecting. Undoubtedly, there are more anomalies in Fiji than the few documented here. In any case, the many anomalies documented in New Guinea, Fiji, and elsewhere must be explained somehow. They are, by definition, difficult to explain in the usual way, in terms of current environment.
For Elatostema and Psychotria in Fiji, Guppy (1906: 391, 405 ) noted a high degree of a factor, termed 'formative energy' by Hillebrand (1888) , which has produced a high diversity of species. Guppy (1906: 520) wrote that this also occurs in continental plants at particular areas and is not restricted to oceanic archipelagos, a habitat which 'only intensifies it'. The geographical location of this 'genetic potential' early in the history of a group (or its ancestors) is probably the primary factor determining the site of subsequent species massings. Likewise, the location of genetic potential able to produce adaptations to upland ecology, together with actual uplift, may be the important factors determining where uplifted taxa occur. For example, Excoecaria agallocha is widespread from India to Tonga and usually grows along coasts in and around mangrove. However, it also occurs at 415 m in Fiji, on islands off north west Viti Levu. The factors determining this pattern were: uplift in the Fiji area, and the genetic potential in the local population enabling uplifted populations to adapt and survive.
At first sight, it might be expected that vertical geological movements are too slow to affect the altitude of plant populations because these can readjust relatively quickly. Nevertheless, at major ('horizontal') biogeographical boundaries, large blocks of distinctive flora and fauna are contiguous at narrow boundary zones without invading each other. This can be seen, for example, at Wallace's line (separating 'Oriental' and 'Australasian' biotas), at the craton margin in New Guinea (separating northern and southern New Guinea biotas), and at south-east Nigeria/north-west Cameroun (separating West African and central African biotas). These biogeographical boundaries are all correlated with major tectonic features and have probably existed for millions of years, over periods of major climate change and geological movements. Likewise, many members of a higher altitude community may not be able to invade a lower altitude community, whether or not the area is being uplifted, although they might adapt to the new conditions. Similarly, in an area of subsidence, a lower altitude community may not be able to invade a higher altitude community as it descends.
It is suggested here that altitudinal anomalies are of special significance as indications of the importance of tectonics and ecological lag in determining current ecology. Whether or not geological history has been important in every case, it seems unrealistic to discuss altitudinal anomalies and the altitudinal range of communities and taxa in general without reference to the geological changes of altitude caused by uplift, subsidence, and erosion.
